Molecular mobility has long been established to relate to textural properties and stability of polymer films and is therefore an important property to characterise to better understand pharmaceutical film formulations. The molecular mobility of solvent cast hydroxyethyl cellulose (HEC) films has been investigated by means of thermally stimulated current (TSC) 
Introduction
Polymer films are one of the most important technologies in pharmaceutical development with applications ranging from use as drug delivery systems such as Triaminic and Theraflu thin strips (Novartis), and use in controlled drug delivery such as films in enteric coated tablets to enhancing the appearance and taste of pharmaceutical products (Felton, 2007 , Bhattacharjya and Wurster, 2008 , Bala et al., 2013 . Optimisation of these films for a particular application, however, is a challenging process and one that requires in-depth understanding of materials behaviour. It is established that mechanical (tensile) properties and stability, which are commonly characterised to evaluate formulated films, are associated with the glass transition temperature (Tg) (Fadda et al., 2010 , Connie and John, 2005 , McPhillips et al., 1999 . The Tg (in addition to the mechanical properties and the physical and chemical stability) of polymer films have, in turn, been related to molecular mobility (Damaceanu et al., 2014 , Ballesteros and Walters, 2011 , Fadda et al., 2010 , Bhugra et al., 2008 , Zhang et al., 2013 . Characterisation
Materials and methods

Materials
Hydroxyethyl cellulose (average molecular weight ~ 250 kDa, _viscosity of 1% aqueous solution at 20°C is ~145 mPa) was purchased from Sigma Aldrich (UK).
Methods
Preparation of films
Films were prepared using the solvent casting method. Aqueous gel (2 % w/w) was prepared by mixing the appropriate amount of HEC in deionised water (heated to 60 °C) and the mixture stirred at ambient temperature overnight (18 hours in total). 50 g of the gel was poured into a plastic Petri dish (diameter of 140 mm) and left in a 60 °C oven for 24 hours. The resultant films were stored in a desiccator over silica for two days before analysing. The films that were optically clear with no visible defects were chosen for analysis (Fig. 1) . The thickness of the films were determined using a digital calliper and found to be 0.085 ± 0.005 mm.
Figure 1 here
Thermogravimetric analysis (TGA)
TGA studies were performed using the Q5000 IR (TA instruments, UK). Sample mass of 3.20 ± 0.5 mg was used for all compounds. Samples were heated under a nitrogen atmosphere at a flow rate of 25 ml/min from ambient temperature to 600 °C in hermetically sealed aluminium pans with a single pin hole in the lid, at a heating rate of 10 °C/min.
Differential scanning calorimetry (DSC)
DSC studies were performed using Q2000 (TA instruments, UK) under a nitrogen atmosphere at a flow of 50 mL/min, using hermetically sealed Tzero aluminium pans with a pin hole in the
Texture analysis
Mechanical (tensile) properties of the HEC films were analysed using a TA HD plus (Stable Micro System, UK) texture analyser. The films (n = 3) devoid of any physical defects were cut into dumb-bell shape. A trigger force of 0.1 N was applied during the testing and the films stretched between two tensile grips at a speed of 0.2 mm/s to a maximum distance of 300 mm or until the films broke. The % elongation at break, the tensile strength and elastic modulus were determined.
Thermally stimulated current (TSC) spectroscopy
TSC studies using the thermally stimulated depolarisation current (TSDC) mode, covering the range -100 to 60 °C were conducted using a TSCII/RMA spectrometer (SETARAM, France) equipped with a 900 series LN2 (Liquid Nitrogen) micro-dosing cooling system (Norhof, Netherlands) and 6517A electrometer (Keithley, USA). Experiments were performed using electrode arrangement that consists of bottom (13 mm diameter) and upper (10 mm diameter) steel electrodes. The sample diameter cut for analysis was 12.0 ± 0.5 mm with an average weight of 14.7 ± 1 mg and surface area of the sample in direct contact between the top and the bottom electrode was 78.54 mm 2 . The analysis chamber was evacuated to 10 -4 mbar and flushed several times with high purity helium (1.1 bars) prior to analysis. Each sample was initially subjected to a pre-treatment in which it was heated to 60 °C (the film forming temperature) and held isothermal for 30 min. This was followed by evacuation of the analysis chamber to 10 -4 and flushing three times with high purity helium (1.1 bars). The global TSDC spectra were obtained by polarising the sample at -20 °C with a polarisation field (Ep) ranging from 50 to 300 V/mm in increments of 50 V/mm for 2 min (tp). In the case of thermal 
TSDC
TSDC experiments were initially performed at various poling temperatures (from -80 to 50 °C)
to identify the temperature region where samples display observable and reproducible depolarisation currents. The TSDC outputs showed that HEC films undergo a global relaxation process with a small shoulder on the high temperature side, prior to the film forming temperature (60 °C) (Fig. 4) . This global relaxation process, which has a temperature maxima (TM) at -22 ± 1 °C, is confirmed to originate from molecular dipole orientations, intrinsic to molecules in the HEC film i.e. there is a linear relationship (R 2 = 0.9998) between the ratios of total polarisation (P) and that of the applied electrical field strength (Ep), with a slope very close to unity and an intercept at 0 (Fig. 5 ) (Correia et al., 2000 , Diogo et al., 2008 , Pinto et al., 2010 .
Furthermore this relaxation process was detected at the same temperature even after the sample was dehydrated, which proves that it originates from the movement of HEC molecules within the film with negligible or no contribution from water molecules. The increasingly high current tail observed above 25 °C is likely to originate from a combination of polymer mobility and movement of water molecules (which may indicate the initial molecular motions that contribute to the evaporation process at higher temperatures). These observations demonstrate that a number of motional modes are activated in HEC films well below ambient temperatures with an average relaxation time of 50 ± 3 s. , 1992 , , Sauer et al., 1996 , hence points 13 to 23 (Fig. 4) are considered an -relaxation. Points 24 to 27 represents the beginning of a second cooperative relaxation processes that is related to other higher temperature processes. The results obtained from texture analysis indicate that the film is brittle and hard (Felton and Porter, 2013, Felton et al.) . From the TSC analysis it was observed that the HEC film undergoes -relaxation as-well-as local -relaxation processes (local glass transition). These molecular motions are of small scale, involving only a small group of short sections of HEC polymer molecules within the film. Therefore at the temperature of testing (22 ± 2 °C) using texture analysis, molecules within the film do not have enough motional freedom/ orientational capacity to plastically deform under tensile stress before failure. This explains the very low % elongation at break of 9 %. Due to the high average molecular weight (~250 kDa) of the HEC, polymer used is able to undergo high degree of intermolecular and intramolecular interactions through hydrogen bonding. Such high degree of interaction in the HEC film limits the ability of molecules to undergo large scale mobility, making the film brittle and rigid, resulting in the high tensile strength and elastic modulus respectively. Such low flexibility could also be due in part to the absence of plasticiser and the low residual moisture content below 10 %.
The current study potentially has important pharmaceutical technology implications for film based formulations. Generally, films have low drug loading due to the reduced physical volume as a result of the thin nature and therefore effect of such low drug loadings at the molecular level is not always detectable using the traditional thermal techniques such as DSC. Therefore, detection of molecular motions using the more sensitive TSC provides an extra capability in characterising the functional performance of pharmaceutical films. It is also plausible that the information gained from such investigations might provide complimentary information about physico-chemical stability in the apparently dry state of pharmaceutical films which always have residual levels of bound water.
Conclusions
Molecular mobility can have significant influence on the stability and textural properties of polymeric films. The application of TSC has revealed two motional processes, a -andrelaxations, well below ambient temperatures in solvent casted HEC film. The non-cooperative -relaxation, detected at -57 ± 2 °C originates from independent orientation of short sections of the HEC polymer chain ends and the hydroxyethyl side groups. The -relaxation detected at -20 ± 2 °C, which could not be detected by DSC, is attributed to cooperative mobility involving a small group of short HEC polymer segments and considered a local glass transition process.
The fact that this -relaxation (Tm' = -20 ± 2 °C) was not detected by DSC suggests it is of low energy and likely to originate from mobility of a small group of HEC polymer segments in localised regions of the film and has energy signature lower than the detection limit of conventional DSC.
The bulk Tg of the solvent cast HEC polymer film was detected at 127 ± 1 °C and it can be concluded that the HEC film investigated has two amorphous regions with different motional properties. Together with texture analysis data, this study has demonstrated that the brittle and rigid nature of the solvent cast HEC (~ 250 kDa) film at the temperature studied is attributed to the fact that it can only undergo small scale, localised and low energy molecular motions.
This limited orientational capacity of HEC polymers in the film matrix is the direct result of the size of the polymer and the high degree of strong intra and intermolecular hydrogen bonding it undergoes within the film. 
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